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Abstract. The engineering properties of the lunar regotifiect aspects of the original parent rock and the
consequences of hypervelocity meteor bombardm€oinpared to the Earth the geologic nature of tharduegolith

is quite distinct. On scales relevant to machinbseterogeneity with respect to size and compasisanuch higher.
But the total range in composition is much morérieted. Both facts have implications for predicts of properties,
such as abrasion, which will be required by desiggineers for constructing equipment for lunar ugdarasion is
related to hardness and hardness is a commonlyunegaproperty for both minerals and engineeringeniats.
Although different hardness scales are routinelpleged for minerals and engineering materialsgaificant amount

of literature is available relating the two. Instipaper we discuss how to relate hardness toiahréw the design of

lunar equipment. We also indicate how abundanv#n®us mineral phases are and typical size Hidinns for lunar
regolith.
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INTRODUCTION

The initial composition of the lunar crust is beke (Wilhelms, McCauley, and Trask, 1987; Jolldt,al., 2006;
Heiken, Vaniman, and French, 1991) to have beerirgdad by intrusive igneous rock with an averagapasition
in the range of norite (Le Maitre, 2005). Subseteruptive phases deposited basaltic materiaftoas and in
various other volcanic forms. The basaltic degokitm the mare (seas) of the Moon; the non-mag®ns are
termed the highlands. Hypervelocity impacts hargdly destroyed all of the original crustal rockdaome of the
basaltic rock at the surface, producing a pervakiyer of shattered and altered residue. The tingubroken
geologic material covering the surface of the M@termed regolith (Gary, McAfee, and Wolf, 197 Fxcept for

some outcrops in or around the mare, all interagtieople and equipment will have with the surfatéhe Moon
will be with this regolith.

In the following we will consider just a few of thgeologic characteristics of the regolith: sortidgstribution of
particle sizes, and composition of the particle®ther geologic properties (such as particle staagukinformation
about the fraction below 20m) are also of engineering interest but little $fiednformation about the lunar
material is currently available. Current and fetuesearch will address such deficiencies. Theabbp of this
paper is to introduce the engineering design conitytim lunar geologic considerations that will govechoice of

construction materials.
Geology of the Lunar Regolith

Energy from a hypervelocity impact is distributedboi the surface of the Moon through a combinatibprocesses.
For example material is physically moved, heatet] broken. A result of movement is discussed belower



Sorting. Heating is so intense as to melt somih@fmaterial, the results of which are discussddvhe Breaking
results in comminution of the initial rock to ev@maller particle sizes.

Particle Size

Counter acting the comminution is the thermal epatgrived either directly from the impact or indity from
seismic motion of the rock. Both can be so inteaséo either completely melt the material or taseawelding of
particles. The former, impact melts, can formeaitglass if chilling is rapid enough, or it canstgllize. The latter
are termed breccias and can be either very satikkror can be highly friable.

The products of micrometeorite impact are usuadiysidered as a special case. As with larger itopgsome of
the energy breaks existing particles and some wmddicles together. The result is hypothesizetida trend to
slowly ablate large particles, i.e. rocks, the @msion of mineral grains to glass, and the weldoggther of sub-
millimeter particles into something called agglaties.

The lunar surface has had no significant geologicgss of renewal for several billion years. Tthesnet result of
the continuing meteor bombardment has been to ghedurface of the Moon into a mixture of fragnsersnging
in size from the nanoscopic to large blocks of rodtkis mixture is thought to be meters deep owdually all of
the lunar surface. For samples of the fine gramegmlith returned by the Apollo missions typicakeageparticle
sizes vary from approximately 30 to 100 micrometers

Sorting

On the Earth, all particles will be exposed towadf] such as water or air, and to gravity when teeamoved and
deposited. Consequently, through a host of phlypicaesses terrestrial particles tend to becomieddased on
size, shape and composition. None of these seimggarocesses operate in a vacuum. Energy inpuhe lunar
surface, if sufficient to cause particle motiom cause mixing but not sorting.

Lunar processes which are spatially uneven canecalifferences which superficially resemble sortingror
example micrometeorites can only impact the upper millimeters of the regolith. Thus, the regoldh the
immediate surface of the Moon will tend to have enagglutinates than deeper samples. In fact émdency is
used to provide a relative age of the surface {@aptyder and Shear, 1998).

Consequently, designers can generally assume gjodithetheir systems will interact with is highlyeterogeneous.
Compared to terrestrial materials it is heterogesem both particle size distribution and partickemposition.

Engineers can expect that for any reasonable siaetple taken from the top few meters of the relgatitis

possible, and even probable to have particleslafiz# ranges and any lunar component in the samplere are
variations in the size distributions and compositicom sample to sample, but functionally all aiteely to be

present to some extent in the distribution.

Particle Composition

The composition of the lunar dust fraction, maled&0 m, is currently less well characterized. There some
aspects of these particles, such as the presemamo$copic Fe and vapor deposited rims, which onaiay not be
important. However, until the dust fraction is teetcharacterized statements about the enginesigmificance
involving these aspects are rather speculativewelfassume the dust fraction is generically analego the 20 —
1000 m material we can make some reasonable predictidrgerefore, in the following discussion the reader
should remember the relevant data generally has tetained from particles courser than 20.

For mechanical purposes the composition of thelithgoan be considered to contain four major cauetits in
varying amounts: lithic fragments, minerals, glasaad agglutinates. Lithic fragments, which arces of rock,
are dominated by breccias and shock welded regolists. These vary in mechanical strength fromneenely
friable to highly indurated. The grain size casoabe unusually small, for example 0.2 mm for ttaltparticle of
rock! The non-breccia clasts are pieces of varioafic intrusive rocks, such as norite and anoitbpand basalt.



There are approximately 100 minerals known fromMtzon, some of which were first identified in Lureamples.
This compares to well over 2000 terrestrial mirergsee Gaines, et al., 1997 for variations regaton Dana #,
which is a mineral’'s unique identifier expressidgemical and crystallographic relationships. Mitenahich are
very similar will differ only in the last figure,of example, Bytownite versus Labradorite.) Lunaneralogy is
dominated by a very limited number of species. &dbkhows the minerals chosen by the Lunar Simtésamh at
Marshall Space Flight Center determined to be cieffi to describe the regolith. Glass has beedywed by
impact melts and micrometeorites, as noted abdivbas also been produced by volcanic eruptiomseither case
the glass is a complex, silicate dominated mixtooataining variable amounts of Mg, Fe, Ca, Al aritleo
elements. The fourth major regolith constituegiglatinates, are a mixture of glass, lithic fragnseand mineral
particles stuck together as friable reentrant piadi

The recognition of four constituents is very impmit for macroscopic considerations. At microscaguales the
situation can be simplified. Rocks are aggregafasinerals. The agglutinates are glass plus ralserThus, at
microscopic scales the lunar regolith can be cameidl to be particles which are combinations of mailseand
silicate glass. A mineral is a naturally occurrsupstance that has a characteristic, limited otednsiomposition
and a highly ordered atomic structure. Therefbeerange of each mineral’s properties is limited tre properties
of a mineral are basically independent of the na@hgisource, lunar or terrestrial.

Hardness And Abrasion

Geologists use the relative hardness of mineralstia@ way the minerals break as major clues tadéstification

of minerals in hand samples. Manuals of mineralpgyvide this information as basic data. Hardrneslscussed
at length below. The failure mode is subdividetb itwo categories, along preferential orientationstrolled by
crystallography or independent of orientation. Tdmner, termed cleavage, is characterized by #réeption of the
planar surface formed by the break and the orilmatith respect to the crystal lattice. Partiobdsninerals with
perfect or good cleavage tend to break into fragmemore readily than minerals lacking cleavage.usThunar
regolith shows a very distinct and regular variatio composition as a function of particle sizenaller particles
have a higher probability of being one of the fplls; anorthite, bytownite and labradorite. A Brednich is not
oriented with respect to crystal orientation isrted fracture. Fractures are observed to fall énlimnited number of
patterns. Of special interest to someone intedest@abrasion are those minerals which have a andahfracture.
Glass also has conchoidal fracture and is well knfav its tendency to make sharp, serrated eddéss is what
any material with conchoidal fracture will tenddo.

Hardness Scales

Hardness is generally defined as the resistanpéastic deformation. Minerals tend to be crystaland friable in
nature and consequently their hardness has tradiljobeen measured by a scratch test that complzeesbility of
the mineral in question to scratch (or be scratchgd series of standard minerals, which are mergally harder,
the Mohs scale. First introduced by Friedrich Moh$822, ten minerals ranging from soft miner#s kalc (Mohs
hardness = 1) to hard materials like diamond (Moaginess = 10) are used as standards by whichmpare
relative hardness of other materials. Metals endtiner hand are less friable and more ductile ngattiem suitable
to indentation testing. Hardness scales propogednétals based on indentation include Brinell (@9 ickers
(circa 1920), Knoop (1939) and Rockwell (1919) whieary by indenter shape and how the indentation is
performed. These indentation scales provide coafp@rinformation about metals and the scales haenb
correlated. With the exception of the hardnessievdbr diamond, a plot of logarithm of hardnessciérs or
Knoop) in Kg/mnf versus Mohs hardness yields a linear plot (Tab@54; Tabor, 1970) with a slope of 1.6. In this
manner, scratch hardness of lunar minerals canirketlgt related to Knoop indentation hardness afistniction
materials.

Relating Hardness Scales

Figure 1 relates Mohs to Knoop hardness scaleghédnoop, KHNn (Knoop Hardness Number, where thés
applied load), Vickers, HVn (Vickers Hardness wharés the applied load) and Brinell, HBn, (Brinélardness
where n is the applied load) scales are all basatirect indentation, they yield hardness valueselto one another



TABLE 1. Significant Lunar Minerals%: A-abundant, M-major, m-minor, t-trace.

Mineral Dana # Mohs (SBFr)ae\(/:lltf;/C Mode: Cleavage Mode: Fracture % Chemical Composition

Anorthite 76.1.3.6 6 2.75 {001} perfect, {010} good Conchoidal to uneven fracture; brittle A CaBihOg

Bytownite 76.1.3.5 6.0-6.5 2.73 {001} perfect, {}1good Conchoidal to uneven fracture; brittlg MCa,Na)(Si,Al}Og
Labradorite 76.1.3.4 7 2.71 {001} perfect, {010}ab Conchoidal to uneven fracture; brittle MCa,Na)(Si,Al}Og

Olivine 51.3.1 6.5-7.0 - - - M (Mg,Fe}SiO,

Fayalite 51.3.1.1 6.5-7. 4.39 {010} moderate)q} weak Conchoidal - BBIO,
{100}, {010} indistinct to good,;
Forsterite 51.3.1.2 6.5-7.0 3.24 | {001} poor to fair Conchoidal -1 MgBIO,

Clinoenstatite 65.1.1.1 5.0-6.0 34 {110} good &fpct Brittle M| Mg, [Si,Of]

Pigeonite 65.1.1.4 6 3.3 {110} perfect Conchoidaliheven fracture; brittle M (Mg,Fe'? Ca)y[Si,Oq
Hedenbergite 65.1.3a.2 6 35 {110} good Conchadidaineven fracture M CaFé7Si,Of

Augite 65.1.3a.3| 5.5-6.0 3.3 {110} good Uneven MCa,Na)(Mg,Fe,Al, Ti)[(Si,AO¢]
Enstatite 65.1.2.1 5.0-6.0 34 {210} good to petrfec Conchoidal A| Mg[Si,Og]

Spinel 7211 7.5-8.0 3.56 No cleavage Conchoidal MgAl,O,

Hercynite 7.2.1.3 7.5-8 3.93 No cleavage Uneven ne"2AF,0,

Ulvospinel 7252 5.5-6.0 4.7 No cleavage Uneven miFe%,0,

Chromite 7.2.3.3 55 4.7 No cleavage Uneven m *2@ig0,
Troilite 2.8.9.1 4.75 No cleavage Uneven t FeS
Whitlockite 38.3.4.1 5 3.12 No cleavage Unevenuio-sonchoidal C#Mg,Fe?)(POy)s(PO;0H)
Apatite 41.8.1.0 5 3.19 No cleavage Uneven to lcoiutal Ca(P0y)3(OH,F,Cl)
limenite 4351 5.5 4.72 No cleavage Conchoidal Fe?TiO;
Native Iron 29.11 4.5 7.87 {001} Imperfect torfai Hackly Fe




FIGURE 1. Comparison of Mohs and Knoop Hardness.

in most cases. Brinell values are slightly lowleart those of Vickers whereas Knoop are slightlyatge than
Vickers. The minerals used for the Mohs scaleiackided for reference. The values in the literatior some
minerals, such as diamond show a great amount riditian due to variability in composition and exipeental
determinations. Further variation occurs for atngmic materials like quartz and apatite where Haedness
measured is related to the crystal structure. sHmee can be said for the values for the commordyg aenstruction
materials listed on the Knoop side of the scaleontfigure 1, it is apparent that some of the maremill do
significant abrasive wear to commonly used material

Rockwell scales values (HRB and HRC) are approxiyatlated to the other indenter scale valuegpasaring in
table 2. The Rockwell scales are unlike the ottuades in that two forces are applied during theivation, an
initial minor load applied until equilibrium is ai@ved, followed by a major load until equilibrium ieestablished.



It should be noted that extensive comparison talA&ME-140, are available (ASTM International, 2p®ut it

must be stressed that these conversions are oplprimatebecause of the differences in applied load betveeeh
within each method as well as differences in indematerials and geometry. Direct applicationhefse values is
further complicated by the lack of specificationtbé applied load used in determining the valugented in the

literature (as in Fig 1, which is partially abstext from the literature (Blau, 1992; Tylczak, 199acobsson, et al.,
1992)).

Relating Hardness to Abrasion

Both of these terms are relative to condition appliaation of the term. Polishing is a term forading a surface
smooth enough that light will be specularly refézttwhich occurs when surface irregularities aretmsmaller
than the wavelength of light. For example, in orde specular reflection to occur in the visibldug, 400 nm light,
is the shortest wavelength), the surface would havéave surface irregularities on the order of GO Zim.
Typically, this type of polished surface can beieebd with a 2 micrometer grit abrasive (Samue®92). While
having highly polished surfaces is conducive toihgyribologically contacting surfaces run smoothiyterrestrial
environments, it poses another concern in the l@mtironment. For example, many lubricants haveatgr
lifetimes when the surfaces they are lubricating metal oxides. Polishing this thin oxide layeragveaving the
nascent metal as the contacting surface in an@mnwient where the oxide layer will not be regeneraiiten has a
significant detrimental impact on lubricant lifeen As the size of the abrasive grit becomes laamasive wear of
the metals becomes such that close tolerancesa#onger be maintained within a tribological contadit still
larger grit, mechanisms may jam causing immedigitare. The general relationship between hardaedswear is
that abrasive wear will begin when the hardnesghef grit only slightly exceeds the hardness valfighe
construction material. Abrasion continues to beeanore pronounced to the point at which the haslioéghe

abrasive approaches a value of 1.5 times that efctinstruction material where the ability to abréeleels off
(Tylczak, 1992).

Severity of abrasion for metals, ceramics and otbgular solid materials can be gauged by compdhiedardness
values of the abrasives, the lunar regolith camstits in Table 1, to the engineering materialsigufe 1, where
necessary using the relationship described by Tébalbor, 1954 and Tabor, 1970) or standard coroglatharts

(ASTM International, 2007; England, 2007; Leco QGugiion, 2007). Polymeric materials like fabriceda
polyacrylic plate will also be used, for exampleBEWA suits, but discussion of these materials igolbe the scope
of this paper. Many polymeric materials have loardmess values and will be abraded by almost eviegyt
encountered in the lunar environment. A redeerféagure may be that the hard abrasive materialsimiled in,

rather than scratch or abrade these materialsith@artially neutralizing their effect.

Table 2 Approximate Correlation Between Hardness Scales.

Hardness Values (load)

HV HB HB HRB HRC KHN KHN
(10kg) | (5009) | (3kg) (109) (1 kg)

1865 - - - 80 - -
832 - 739 - 65 - -
595 - 560 120 55 840 605
254 201 240 100 23 376 250
156 133 153 81 0 223 145
70 53 - 0 - - 60

CONCLUSION

We believe that many aspects of current and fuengineering debate can and must be constrainednby a
understanding of the regolith. This preliminarformation, based solely on very basic lunar geolagy be useful
for initial work on habitat construction, moving af@nical assemblies, seals, mineral processing, cdiner
component design. This paper provides a compilatiothe relevant geologic data and combines ihsglected



engineering properties for a suite of engineerirggemals, and assumes dust seals cannot be perfety not be
possible in some applications. The feldspars;thiter bytownite and labradorite, which are aburidamthe Moon,
are approximately as hard as steels and will bomakn into smaller particles relatively easy becaokgerfect
cleavage. The olivine minerals on the other hailidmat break as easily and the fracture surfaciélshe noticeably
sharp. An industrial minerals geologist would segjgthat olivine will behave much like the garnbtasive in
sandpaper, i.e. as it wears the particle of gaerads to break and in so doing creates new, stdgpse Other
minerals, such as spinel, while minor in abundaaeevery tough, very hard and break with sharp gdde is
distinctly possible that mechanical processes caulthtentionally concentrate such a mineral phaghinvthe
equipment with the consequence of unexpectedlylrapar of the components. It is possible that kamabunts of
abrasive materials, e.g. spinels, may do 95 % @fattrasive damage in some situations. The fattsfliael may
constitute 0.1 % of the top 20 cm of the Moon irplan enormous reservoir of abrasive on the lunface.
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